Homogeneous nucleation and growth of zinc from supersaturated vapor are investigated by nonequilibrium molecular dynamics simulations in the temperature range from 400 to 800 K and for a supersaturation ranging from log S = 2 to 11. Argon is added to the vapor phase as carrier gas to remove the latent heat from the forming zinc clusters. A new parametrization of the embedded atom method for zinc is employed for the interaction potential model. The simulation data are analyzed with respect to the nucleation rates and the critical cluster sizes by two different methods, namely, the threshold method of Yasuoka and Matsumoto ͓J. Chem. Phys. 109, 8451 ͑1998͔͒ and the mean first passage time method for nucleation by Wedekind et al. ͓J. Chem. Phys. 126, 134103 ͑2007͔͒. The nucleation rates obtained by these methods differ approximately by one order of magnitude. Classical nucleation theory fails to describe the simulation data as well as the experimental data. The size of the critical cluster obtained by the mean first passage time method is significantly larger than that obtained from the nucleation theorem.
INTRODUCTION
Nanoparticles are interesting in many applications because of their special properties which differ from those of the same substance in the bulk state. This is caused by the large surface-volume ratio for small clusters and particles as well as by the confinement of small systems. One way of producing nanoparticles is the inert gas aggregation process. This is the formation of particles in a supersaturated vapor. The first step in this particle formation process is homogeneous nucleation, an activated process in a metastable phase such as a supersaturated vapor. The activation barrier separating the vapor state from the stable particle state originates from the competing contributions of the surface and bulk properties of the forming cluster. In a metastable phase, vapor density fluctuations take place which eventually lead to crossing over the activation barrier and hence to the formation of a cluster which can continue to grow. Different ways of growth are possible such as surface growth or cluster collisions leading either to coalescence or agglomeration. For metals, it is difficult to obtain experimentally the nucleation rate and the critical cluster size, which is the cluster size at the maximum of the activation barrier. Data are available for iron, 1 silver, 2 zinc, 3 lithium, 4 sodium, 5, 6 cesium, 7, 8 mercury, 9 and magnesia. 10 Direct molecular dynamics simulation is a complementary method to investigate nucleation and growth and to obtain nucleation rates especially for substances which are difficult to handle and especially at high supersaturation. Furthermore, one obtains additional detailed information about the nucleation and growth processes which are difficult to get from experiments or even not available at all.
Recent investigations focused on metals with a high melting temperature such as iron 11 and platinum 12 and their mixtures. 13 Here, we investigate the nucleation of zinc which has a lower melting and evaporation temperatures compared to iron and platinum and, hence, lower supersaturation can be reached at a given state condition. There is an interest in the zinc particle formation process in the context of a solar hydrogen production process 14 where the separation of oxygen and zinc vapors by quenching is a crucial step. This step is directly related to the efficiency of the complete process and, hence, the economic feasibility depends on the optimization of the zinc quenching. Such quenching can be accomplished by expansion of the oxygen/zinc vapor in a nozzle accompanied by a temperature drop which leads to the formation of elemental zinc particles. Weidenkaff et al. 15 have shown that zinc vapor and oxygen can coexist in a metastable state in the absence of nucleation sites. They discussed the different stages of zinc particle formation based on the resulting particles of the quench process analyzed by scanning electron micrograph. The direct access to the details of the steps remains rather difficult.
Zinc particle growth from the vapor phase has been experimentally investigated by Michael et al. 16 under microgravity conditions. The state conditions used in that work mimic the interstellar space rather than a technical process. In another experimental work, the heterogeneous condensation of zinc on glass has been investigated. 17 The presence of a substrate lowers the activation barrier for nucleation significantly and hence these results differ from the homogeneous nucleation case. There are further studies of zinc particle formation from the vapor phase 18, 19 focusing on the different effects but no information on nucleation rates and critical cluster size are given. However, there are available experimental data for the critical supersaturation of zinc at a given nucleation rate in the temperature range from 600 to 725 K. 3 Due to the experimental method in that work, nucleation rates in the order of 10 13 dm −3 s −1 are obtained. Complementary to experimental measurements of zinc nucleation rates by means of an expansion in a nozzle, 20 we investigate the zinc particle formation from supersaturated vapor by nonequilibrium molecular dynamics simulation here. This includes homogeneous nucleation and growth as well as coalescence. The simulations are analyzed with respect to the nucleation rates and the critical cluster sizes and compared with the experimental data available at the moment and classical nucleation theory.
METHOD
Here, we perform nonequilibrium molecular dynamics ͑MD͒ simulation using a carrier gas to remove the condensation heat from the system. Such direct simulation of the nucleation process is mainly suitable for high supersaturation as in nozzle experiments. The computer code used for this investigation originates from a code written for the nucleation of argon 21 and extended for binary metal-carrier gas 11, 12 and ternary system alloy-carrier gas systems, 13 including the appropriate analyzing tools such as a binary structure analysis. 22 Within the work presented here, a new potential model of zinc and further analyzing tools are added. In solving the equations of motion, we use a time step of 2 fs, which we tested to be low enough to conserve the energy in the required time period, up to 256 ns with the chosen potential model. In the initial state, the zinc atoms are placed on a lattice that completely fills the box space. In this way, one can avoid artificially formed clusters at the beginning of the simulation. The argon carrier gas atoms are placed at random in the box. They are coupled to a velocity scaling thermostat keeping argon at a given temperature. The zinc atoms and clusters are thermalized by collisions with the carrier gas only. This mimics the experiment and it makes sure that the zinc atoms are not affected by a homogeneous MD thermostat. Since heat is removed by collisions only from the forming clusters, the zinc monomers are decoupled from this heat exchange, which is not the case if a MD thermostat is directly applied to all atoms of the nucleating substance. The interaction between the zinc atoms is modeled by a recently developed version of the embedded atom method ͑EAM͒ for zinc. 23 The EAM is a many-body potential model which is widely applied to metals. [24] [25] [26] The parametrization used here is developed for simulations in the vapor phase and in condensed phases. 23 Furthermore, it is able to model small clusters. For argon, we use the Lennard-Jones potential with the parameters Ar / k B = 120 K and Ar = 0.3405 nm. The interaction between the carrier gas and the zinc atoms is also modeled by the Lennard-Jones potential using the LorentzBerthelot combining rules. To get an estimate for the Lennard-Jones parameters of zinc, we fit the Lennard-Jones potential to the effective pair potential calculated from the EAM potential. The resulting values for zinc are Zn / k B = 2204.8 K and Zn = 0.20 nm. In order to detect clusters, the Stillinger criterion 27 is employed with a distance value of 0.205 nm or r St = 1.025 Zn . The simulations cover the temperature range from 400 to 800 K and the zinc density ranges from 0.0068 to 0.25 mol/ dm 3 , which gives an initial supersaturation between 10 2 and 10 11 . With 512 zinc atoms in the simulation box, the length of the cubic box ranges for given densities from 15 to 50 nm. The number of carrier gas atom is twice the number of zinc atoms. In order to calculate the supersaturation, the zinc partial pressure is required. It is calculated from the perfect gas law. In order to check its validity in the given temperature and density range, we have calculated the second virial coefficient from the LennardJones potential with the zinc parameters given above. It should be mentioned here that the Lennard-Jones potential very well represents the effective pair potential calculated from the EAM by the successive separation of two atoms in vacuum. The contribution of the second virial coefficient is less than 0.003% for all conditions chosen here and can therefore be neglected. The equilibrium vapor pressure of zinc is calculated from an equation given in the literature. 28 For the determination of the nucleation rates, here we employed two different methods. The first is the threshold method by Yasuoka and Matsumoto. 29 In this method, the number of clusters larger than a given threshold value is plotted against the simulation time. This plot has a characteristic shape with a region of linear ascend. The slope of this linear region divided by the simulation box volume gives the nucleation rate. If the slope in this region is constant for different threshold values, one has a steady-state situation. The formed clusters originate from nucleation and, hence, the slope can be used to calculate the nucleation rate.
The second method is the mean first passage time ͑MFPT͒ method recently formulated for nucleation processes. 30 This method allows the analysis of a stochastic activated process such as nucleation. For this analysis, the time required for a system to pass a certain cluster size is averaged over several simulations. This mean first passage time is then plotted against the cluster size n. One obtains a curve with a sigmoidal shape that can be correlated by an error function,
From this correlation, one directly obtains the critical cluster size n * and one can calculate the nucleation rate by J =1/ ͑ J V box ͒ and the Zeldovich factor by Z = c / ͱ . The Zeldovic factor is related to the curvature of the activation barrier at critical cluster size. The MFPT method additionally allows to distinguish between pure nucleation and nucleation accompanied by initial growth. If the ͑n͒ data reach a flat plateau, as described by Eq. ͑1͒, the system exhibits pure nucleation. If ͑n͒ continues to increase beyond the sigmoidal part of the curve, additional growth takes place to some extent. In order to obtain the critical cluster size from the nucleation rates obtained by the threshold method and by the MFPT method, one can use the nucleation theorem proposed by Kashchiev 31 and Oxtoby and Kashchiev. 32 This theorem relates the slope of the double logarithmic nucleation isotherms to the size of the critical cluster. This cluster size is actually the excess number of atoms in the critical cluster; however, the ideal contribution at given vapor phase density is so low that it can be neglected. It is often used to determine the critical cluster size from experimental nucleation rate isotherms as
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RESULTS
The general course of the cluster nucleation and growth is shown in Fig. 1 . Figure 1͑a͒ displays the growth curve for a simulation with a low zinc density and hence relatively low supersaturation. The size of the largest cluster in the system is plotted versus the simulation time. One can recognize that the cluster size fluctuated between 2 and 3 for almost 2 ns until it starts to grow up to 7 atoms at 4 ns. Then the largest cluster loses again 2 atoms leading to 5-atom cluster that exists for a relatively long duration of about 0.5 ns. After this period, the growth curve raises continuously. The evaporation of atoms from the 7-atom cluster is caused by the latent heat which has to be removed before a larger cluster can be stabilized. One can see that the cluster fluctuates around an activation barrier until it finally continues to grow. In Fig.  1͑b͒ , the growth curves for three different temperatures at a high zinc vapor phase density and hence high supersaturation are shown on a larger time scale. Details as in Fig. 1͑a͒ are not visible on this scale. At the beginning up to approximately 2 ns simulation time, the growth curves are rather flat. In this period of time, homogeneous nucleation takes place directly followed by surface growth, which is noticeable by continuously raising curves besides some fluctuations of the cluster size. It should be mentioned that only every 1000th configuration ͑or every 2 ps͒ is analyzed and plotted which leads to smoothing of the data. In this region, one also finds a systematic temperature dependence of the growth: the higher the temperature, the slower the growth. This is related to the variation in the supersaturation with temperature. In the proceeding growth, jumps in the size of the largest cluster appear. These jumps happen when two clusters collide and form a larger cluster. This can either be agglomeration or coalescence. The investigation here focuses on the nucleation in the first period of about 5 ns for a variety of different supersaturations. For lower supersaturation investigated here, this period of time can last up to 200 ns.
First, we analyze the simulation data with the threshold method of Yasuoka and Matsumoto for calculating the nucleation rate. 29 We chose several different threshold values ranging from 2 to 20 atoms. In case, the slopes of the linear regions are not constant for different threshold values. One rather finds a decreasing slope with increasing threshold value. Such behavior has been observed before in the context of heterogeneous nucleation of argon on polymer substrates. 33 The high supersaturation leads to a high nucleation rate and very many small clusters are formed that continue to grow by agglomeration and coalescence. Due to this cluster-cluster collision, the number of clusters passing the higher threshold values decreases and, hence, the slope in the linear domain also decreases. It is unlikely that depleting supersaturation during the nucleation process is responsible for the change in the slope because this affects the appearance of small cluster and not the larger ones. The depleting supersaturation appears as a plateau in the curves plotted in Figs. 2͑a͒ and 2͑b͒. Figure  2͑c͒ shows that a dependence of the slope of the linear region on the threshold value exists for high vapor phase density, which becomes smaller with decreasing density and hence decreasing supersaturation. The data are correlated by an exponential function s = s 0 + a exp͑−bn thres ͒. In order to calculate the nucleation rate, a threshold value larger than the critical cluster size should be chosen but small enough that the slope is not influenced by cluster-cluster collisions. We chose the value of 5 and calculate the nucleation rate by J = s͑n thres =5͒ / V box . The effect of the threshold value dependence on the nucleation rate is roughly a half order of magnitude for the highest supersaturation here.
The critical cluster sizes are obtained from the nucleation theorem. For this purpose, we have fitted the simulation data for each temperature separately with the function
which gives according to Eq. ͑2͒ for the critical cluster size
All nucleation rates and critical cluster sizes obtained in this way are listed in Table I . One can see that the critical cluster sizes are in the order of 1-8. This means that nucleation takes place mainly via small clusters with less than 9 atoms at given conditions. This is in general agreement with experimental investigation on metal nucleation where critical cluster sizes in the order of 1-2 atoms were found for silver. 2 In the case of cesium condensation, critical cluster sizes from 12 to 30 have been obtained 8 for supersaturations in the order of log S =1-2, which is below the range investigated here. This shows the general consistency of the order of magnitude of our calculations with the experimental results of different metals.
In a second analysis, we use the MFPT method formulated for nucleation by Wedekind et al. 30 . For higher values of n, we find a deviation from the correlation function, which has a plateau while the simulation data continue to increase. This increase is not as steep as up to N = 12 but it indicates that the nucleation process is accompanied by surface growth to some extent. Figure 3͑b͒ shows a ͑n͒ plot for higher temperature and hence lower supersaturation. One can recognize that the critical cluster size is larger and the plateau value J is higher, resulting in a lower nucleation rate. Similar to Fig. 3͑a͒ , the ͑n͒ data do not reach a plateau beyond the sigmoidal region. The nucle- FIG. 3 . ͑Color online͒ ͑a͒ Plot of the MFPT curves for ͑Zn͒ = 0.054 mol/ dm 3 and 400 K. The curve is the correlation by Eq. ͑1͒ giving the critical cluster size n * and the nucleation rate J. ͑b͒ The same as ͑a͒ but for ͑Zn͒ = 0.0315 mol/ dm 3 and 800 K. ation rates and the critical cluster size have been obtained from these plots, as described above, and are listed in Table  II .
The nucleation rates are plotted in Fig. 4 on different scales. The correlation with Eq. ͑3͒ for each temperature separately represents the simulation data well ͓Fig. 4͑a͔͒. In Fig. 4͑b͒ , one experimental data point of Onischuk et al. 3 at 600 K and two points at 400 and 800 K extrapolated from the data of Onischuk et al. are added. The extrapolation of the simulation data down over 15 orders of magnitude by the simple correlation function deviates from the experimental data at 600 K and log S = 13. The extrapolated data point at 400 K deviates significantly from the extrapolation of the simulation data. However, this extrapolated data point is very uncertain, as discussed below in detail. The nucleation rates obtained from the MFPT method are by one order of magnitude lower on average. It seems that with decreasing supersaturation, the nucleation rates for both analyzing methods approach. Besides other causes, this could be related to the finding that at least at high supersaturation nucleation and growth take place on a similar time scale. In Fig. 4͑b͒ , the nucleation isotherms obtained from the classical nucleation theory 34 ͑CNT͒ are added. The experimental data for the liquid density 35 and the surface tension 36,37 of zinc are taken from the literature. The CNT data are much lower than the simulation data and the experimental data. Since the literature data of the surface tension of zinc vary by almost 10%, we have added CNT isotherms at 600 K for a maximum and a minimum value of the surface tension in order to check its influence. Figure 4͑b͒ shows that the uncertainty of the surface tension does not change the CNT curves to a large extent; the deviation to the experimental and simulation data point remains very large. The comparison of the critical nuclei size obtained from the threshold method and the application of the nucleation theorem ͑Table I͒ with that from Eq. ͑1͒ of the MFPT ͑Table II͒ show that the MFPT values are larger by a factor of 2 to 3. This is also in agreement with a similar comparison for argon nucleation. 38 In order to find out the origin of this difference, we have correlated the MFPT data in Fig. 4͑b͒ and calculate the critical cluster size by the application of the nucleation theorem. The obtained values vary from n * = 2.22 for 400 K to n * = 2.47 for 800 K ͑Table II͒. These values are consistent with those obtained from the threshold method, which is obvious because the data calculated by both methods are almost parallel in the log S-log J plot. On the other hand, these values differ to the critical cluster size obtained from the inflection point of the sigmoidal correla- tion function ͑Fig. 3͒. It appears that the nucleation theorem applied to the nucleation rates calculated with both, the threshold and by the MFPT methods, gives lower critical cluster size than those directly obtained from the MFPT method from the inflection point of the sigmoidal correlation. In a recent paper, Wedekind and Reguera 39 discuss the effect of the choice of the Stillinger distance on the MFPT method, especially on the critical nucleus size. They found for argon vapor phase nucleation that a Stillinger distance ranging from 1.2 to 1.8 times the atomic diameter leads to some clusters, which cannot be counted as stable clusters. This is, for example, when two clusters pass along each other without colliding, clusters bridged by few atoms, or, in general, vapor phase atoms close to the cluster are counted as cluster atoms. As a solution they propose to use the cluster definition of ten Wolde and Frenkel ͑TWF͒, 40 which requires that an atom has to have a certain amount of next neighbors in order to be counted as cluster atom or an atom in liquidlike environment. The number of next neighbors is the number of atoms closer than the first minimum of the pair correlation function. This is the usual distance criterion used in the first step of the common neighbor structure analysis. [41] [42] [43] 22 As shown by Wedekind and Reguera, 39 the TWF definition is necessary for argon nucleation. In order to check which cluster definition is suitable for the zinc system investigated here, we compare in Fig. 5 the size of the largest cluster using the TWF definition with 5 next neighbors and the Stillinger distance with a value of r St = 1.025. We selected a simulation at high supersaturation because at low supersaturation the TWF definition does not give any cluster over very long period of time. Two differences are visible: first, cluster size obtained from the TWF definition is always significantly smaller than that from the Stillinger criterion; second, the TWF cluster size exhibits much larger fluctuations. In this context, it should be noted that both curves have the same resolution on the time axis ͑2 ps͒. At the beginning in Fig. 5͑a͒ , the TWF definition does not detect any cluster in contrast to the Stillinger criterion. The difference in the size of the largest cluster increases at the beginning but then it remains rather constant. This of course leads directly to a reduction of the critical nucleus size toward the value obtained by the nucleation theorem. While the TWF definition is very intuitive, it cannot be applied here for the detection of metal clusters. As mentioned above, the critical cluster size varies between 1 and 8 atoms. If 5 next neighbors are required to detect a cluster atom, we would not be able to find clusters smaller than a hexamer. Based on long experience on metal cluster nucleation, we chose a very small Stillinger distance being 1.025 times the atomic diameter. We routinely monitor the largest cluster in the system obtained in this way and always find compact clusters, as the ones shown exemplary in Fig. 5͑c͒ . Extended or disheveled clusters, as observed for argon with much larger Stillinger distances, 39 are not observed for zinc here. In the cluster snapshots in Fig.  5͑c͒ , the atoms detected by the TWF definition with 5 next neighbors are marked. It appears that surface atoms, which clearly belong to the cluster, are not accounted for by the TWF definition. Due to the elevated temperature of the clusters their structure fluctuates and, hence, the number of atoms in the same cluster that is detected by the TWF definition varies significantly although these clusters in a given period of time do not grow by condensation or shrink by evaporation. This is the reason for the large cluster size fluctuation of the TWF definition in Figs. 5͑a͒ and 5͑b͒ . Snapshot P2 is an extreme case where the cluster at this point in time takes a flat morphology and therefore only one of 16 atoms is detected by the TWF definition. Before and after this point in time cluster P2 is more spherical. As the clusters grow, the fluctuation in the surface structure becomes less important because the surface/volume ratio decreases. How- ever, for cluster P6 still only 413 of 445 atoms are detected. The TWF definition is applied with 5 next neighbors in Fig.  5 , however, using only 4 next neighbors does not change the results significantly. Another problem of the TWF definition is visible in Fig. 5͑b͒ in the time periods from 3 to 4.2 ns and from 5 to 7.5 ns. Here, the TWF cluster size increases although the cluster either loses atoms due to the latent heat of a cluster-cluster collision ͑3 -4.2 ns͒ or has almost constant cluster size ͑5 -7.5 ns͒. We also observe this effect when we investigate the structure of solidlike clusters by the abovementioned common neighbor analysis method. This effect of the TWF cluster definition is caused by the cooling of the cluster due to collisions with the carrier gas leading to a lower cluster density, shorter atom distances, and hence the atoms have more likely 5 next neighbors. In summary, the TWF definition overestimates the vapor phase, i.e., the interface atoms are counted as vapor phase atoms. Using a large Stillinger distance from 1.2 to 1.8 overestimates the condensed phase; i.e., the atoms in the interface are detected as condensed phase atoms. While for argon the TWF definition is definitely required, 39 for the system under investigation here the best choice is to use the Stillinger criterion with a very small distance, such as 1.025.
In order to obtain a correlation function for the complete data range including the simulation and the experimental data, we use a single correlation function including quadratic temperature dependencies
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In the correlation shown in Fig. 6͑a͒ , the experimental data point and the two extrapolations are included. Only the data point at 600 K is directly taken from the literature. 3 The data point at 800 K is a linear extrapolation of the literature data available in the range from 600 to 725 K. In this temperature range, the dependence of the logarithm of critical supersaturation as function of the temperature is well described by linear function ͑Fig. 7͒ and, hence, the extrapolation with a linear function to 800 K is expected to give a reasonable value. We have also extrapolated with this linear dependence to 400 K in order to get an estimate for an experimental data point at low temperature. This extrapolation is much less reliable; nevertheless, we included this data point in a first correlation. The result of this correlation is shown in Fig.  6͑a͒ . While Eq. ͑5͒ is able to properly correlate the simulation data at 800 and 600 K together with the corresponding experimental data points, it does not well reproduce the slope of the simulation data at 400 K. Since the critical cluster size is related to the slope such correlation gives too low critical cluster sizes. This is a reason why we do not calculate the critical cluster size form this correlation. In Fig. 7 , we have plotted the log S values as function of the temperature for constant log J = 29 and find nonlinear behavior for the simulation data in the temperature range from 400 to 800 K. The dependence is correlated by a quadratic function in Fig. 7 to guide the eye. This dependence is the reason we introduce quadratic temperature dependencies in Eq. ͑5͒. It seems that the data point at 400 K and log J = 13 obtained from the linear extrapolation of the experimental data ͑Fig. 7͒ forces the correlation curve at 400 K to a lower slope. Therefore, the correlation is repeated omitting this uncertainly extrapolated data point at 400 K and plotted in Fig. 6͑b͒ . This improves the correlation of the simulation data at 400 K significantly but the value at log J = 13 and 400 K moves to approximately log S = 6.1. This point is also included in Fig. 7 . One can see that the temperature dependence of log S at constant nucleation rate behaves similar for log J = 13 and for log J = 29. However, it remains unclear where exactly the data point for 400 K and log J = 13 is located. In Fig. 6͑c͒ , the experimental data points are completely omitted in the correlation with Eq. ͑5͒. This gives the best correlation for the simulation data but also significant deviation to the experimental data at much lower supersaturation.
The analysis above leads us to the question why do the nucleation theorem and MFPT give different critical cluster sizes n * and why do the nucleation rates obtained from the FIG. 6 . ͑Color online͒ Correlation of the nucleation rates obtained from the simulation together with the experimental data at log J = 13 with Eq. ͑5͒. ͑b͒ Correlation of the nucleation rates obtained from the simulation together with the experimental data at 600 and 800 K at log J = 13 with Eq. ͑5͒. The uncertain data point ͑see text͒ at 400 K and log J = 13 is omitted in this correlation. ͑c͒ Correlation of simulation data with Eq. ͑5͒ without the experimental data points.
threshold method and the MFPT method differ by one order of magnitude. There are similar findings in the work of Wedekind 38 for argon nucleation. He makes the large Stillinger distance of 1.8 times the argon atom diameter within the cluster detection algorithm responsible for the high n * value of the MFPT method. However, here we use a much lower Stillinger distance of 1.025 times the zinc atom diameter but still find a significant difference in n * calculated from nucleation theorem. As already discussed above, in the metal systems here we find only compact clusters and gas phase atoms are not artificially counted as cluster atoms. In order to give a possible explanation for the different values of n * we start with the meaning of J . The value * = J / 2 is the average period of time until a cluster of the size n * is formed. In the case of pure nucleation decoupled from growth, one can identify n * with the critical cluster size, that is, the cluster size at the activation barrier of nucleation. For high supersaturation nucleation is accompanied by initial growth. In such case n * obtained from the inflection point of the MFPT plot is not exactly identical with the critical cluster size; it is rather larger than the critical one since it includes initial growth. If we furthermore assume that the nucleation theorem gives properties of the activated process and that surface growth, being similar to heterogeneous nucleation on the cluster surface, has a much lower activation barrier, we can conclude that the nucleation theorem gives the critical cluster size of the nucleation only. Hence, the n * obtained in this way is expected to be smaller than the one determined from MFPT.
Furthermore, the average time period required to form a cluster of the size n * at the inflection point includes initial growth and is, therefore, larger than the average time required to form the critical cluster of nucleation only. The nucleation rate is reciprocal to the average cluster formation time and, hence, the nucleation rate obtained by the MFPT method is lower than that obtained from the threshold method. The threshold method detects the clusters growing above a given size similar to the experimental investigations, where the threshold value is determined by the chosen detection method such as light scattering. In both cases, experimental and theoretical approaches, one assumes that the cluster density is so low that cluster-cluster collisions can be neglected. Within the threshold method by Yasuoka and Matsumoto, 29 one can determine the effect of cluster-cluster collisions by the constancy of the slopes in the linear domain, as discussed above, and then chose the proper threshold value in order to exclude cluster collisions.
Both analysis methods are complementary and the combination of both gives a more detailed insight. Despite the above described quantitative differences, both methods give a consistent picture of the nucleation and growth of zinc particles and yield data that are much closer to the experimental data than that of the classical nucleation theory.
As mentioned earlier, for the sake of feasibility of a large number of simulations required for this analysis, we use a Zn:Ar ratio of 1:2 here. In many experiments much more carrier gas than metal vapor is used. This leads us to the question how does the amount of carrier gas affect the nucleation rate. In an earlier investigation, 44 it is focused on the temperature of the complete metal system but not yet on the nucleation rate. Therefore, here we analyze the nucleation for different Zn:Ar ratios ranging from 1:0.5 to 1:8. In Fig. 8 , the temperature of the zinc monomers is plotted versus the simulation time for the different Zn:Ar ratios. The average monomer temperature in the time period of nucleation, i.e., the time period of the Yasuoka-Matsumoto analysis, is marked in Fig. 8 by horizontal lines. As one might expect the monomer temperature decreases with increasing amount of carrier gas. The data listed in Table III show that for a ratio 1:8 the average monomer temperature is with 409 K only slightly above the carrier gas temperature at 400 K. For a very low ratio 1:0.5, the average monomer temperature is 642 K. However, for the ratio 1:2 used in all simulations here the monomer temperature is 469 K, which is not very much above the carrier gas temperature. The nucleation rates vary systematically with the amount of carrier gas but in total only a half order of magnitude. If one compares the nucleation rate for the ratio 1:8 with a zinc monomer temperature very close to the carrier gas temperature to the nucleation rate for the ratio 1:2 used here, one finds only 0.2 orders of magnitude difference. Therefore, with respect to the thermal evolution we do not expect a significant difference of the nucleation rate between our simulation and for systems with a higher amount of carrier gas. Besides the nucleation kinetics, the structure of the nucleated clusters can be helpful for the understanding of the nucleation process. Since the size of the critical cluster ranges from 1 to 8 atoms we have investigated the structure of clusters of this size but also beyond. Figure 9 shows some typical snapshots of clusters of different sizes. One has to keep in mind that these are structures at nonzero temperature and structure fluctuations appear especially for the very small clusters. For example, a trimer can fluctuate between a equilateral triangular structure and a triangle with one large angle. One atom of a tetramer can move from one side of the triangle of the three other atoms to the other side leading to a short living flat rhombus. For very small clusters such as trimers, hexamers, and heptamers we recover structures such as thetrahedron, octahedron, and pentagonal bipyramid, which are in agreement to those reported for zero Kelvin with another EAM potential. 45 In Fig. 9 also some larger clusters ranging from 24 to 446 atoms are shown. They appear to be in a liquidlike state. We find only few atoms in icosahedral environment, typically at the surface. Solidification takes place much later when the cluster reaches a lower temperature. It becomes visible by the latent heat set free as well as by the appearance of crystal structures.
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CONCLUSION
The simulations of zinc nucleation exhibit systematic behavior over a wide temperature range. By applying the MFPT method, we find for metal system simulations at high supersaturation, that the nucleation is accompanied by initial growth. At lower supersaturation, one can observe nucleation separately in simulations running over several hundreds of nanoseconds. The nucleation rates obtained by the threshold method and the MFPT method differ systematically by one order of magnitude. The critical cluster sizes obtained by MFPT and the nucleation theorem differ by a factor of around 2. Still both methods of analysis give a consistent picture of the nucleation process and can be used as complementary analysis methods. The comparison with the classical nucleation theory exhibits large deviations to both, the available experimental data and the simulation data. Hence, the simulation gives much better prediction of the nucleation rates than classical nucleation theory can give.
For the optimal conditions of the solar hydrogen production process mentioned in the introduction, a specific size of the clusters is required. There are competing effects in this process. First, the larger the zinc particles are, the lower is the reoxidation rate in the oxygen atmosphere due to the lower surface area. 15 Large particles can be obtained at low supersaturation and hence high quenching temperature. Second, the efficiency of the complete cycle is determined by the temperature difference between the solar zinc formation at 2300 K and the quenching process at lower temperature. 14 The larger this temperature difference is, which corresponds to a lower quenching temperature, the higher is the efficiency according to the Carnot process. Therefore, the properties provided by our MD simulation are useful for optimizing the quenching process by steering the particle size toward its optimum value. Furthermore, the data can be used as input for continuum simulations of the complete process. FIG. 9 . ͑Color online͒ Exemplary snapshots of small nucleated clusters and for larger ones obtained from a simulation for T͑Ar͒ = 400 K and ͑Zn͒ = 0.106 mol/ dm 3 . N is the number of atoms in the cluster and T is the temperature at the time of the snapshot. The dark gray/colored spheres are atoms in icosahedral or octahedral structure.
